Introduction
Nano-opto-electro-mechanical-systems (NOEMS) represent an attractive platform to build a novel class of reconfigurable photonic devices such as tunable filters, optical accelerometers, spectrometers, switches and adaptive waveguides [1] . Their combination with photonic crystals (PhC) allows the control of the frequencies of optical modes without introducing additional losses [2] . For this reason, their use has attracted attention in quantum photonic integrated circuits [3] , for instance to control the relative detuning between cavities and emitters [4, 5] or to enhance the light-matter interaction [6] .
A promising approach for controlling the emission of nano-resonators over a wide wavelength range consists in altering the evanescent coupling of two strongly-coupled nanocavities by the mechanical movement of one resonator with respect to the other. This leads to an opposite and reversible energy shift of the super-modes of the system. This concept has been implemented using laterally- [7] [8] [9] and vertically- [10] coupled PhC nanobeams and parallel two-dimensional PhC membranes [11] .
However, despite their potential, the reliability and performance of these devices is often compromised by the combination of the pull-in instability [13] and surface forces, which can lead to a permanent stiction between two movable mechanical elements. The pull-in instability occurs when the distance between two movable parts is reduced below 2/3 of its original value upon the action of a constant voltage. Above this threshold, the electrostatic force overcomes the restoring elastic force of the system, resulting in an abrupt transition that brings the movable elements into contact. The latter can adhere permanently due to shortrange interactions that include van der Waals and capillary forces. For these reasons, pull-in and stiction failure has represented one of the major drawbacks in the use of MEMS and NEMS for real-life applications. Several solutions to this problem have been proposed for micro-actuators such as the use of self-assembled monolayers [14] and the deposition of dielectric layers [15, 16] , but they have not been explored so far in the context of NOEMS. Importantly, due to the very short distance (100-200 nm) between the moving parts of this class of devices, the application of anti-stiction layers can be very challenging, and may produce a degradation of their mechanical and optical properties.
In this work, we present a method to avoid the permanent adhesion of two active photonic crystal nano-membranes. This method is based on the conformal deposition of a thin layer of alumina via atomic layer deposition (ALD), which prevents the direct contact between the doped regions of the membranes composing the NOEMS. We show the effect of this dielectric layer on the optical and mechanical properties of this tunable PhC cavity when it is operated statically and dynamically. Besides allowing the reliable recovery from pull-in, this enables the use of the device as a switch between two widely different optical/mechanical states.
Device concept and protective ALD coating
The device under study consists of two GaAs photonic crystal membranes, as illustrated in Fig. 1(a) . These two slabs have identical thicknesses (t = 170 nm) and are separated along the vertical direction by a small air gap of d 0 = 200 nm. The initial inter-membrane gap (d) can be reduced electromechanically by biasing a p-i-n diode fabricated across the two membranes.
To this end, the bottom part of the top membrane and the upper part of the bottom membrane are n-and p-doped, respectively. When the diode is operated in reverse bias, charges accumulate in the two doped regions and the system behaves as a capacitor. While the bottom membrane is clamped from all sides and can thus be considered as fixed, the upper membrane -patterned as a micro-bridge-is free to move under the application of an electrostatic potential. Further fabrication details can be found in [12] .
The system can be described within the coupled-mode theory framework. In particular, the field distribution can be approximately factorized in two independent functions: an inplane component that depends on the actual photonic crystal layout, and a vertical field distribution associated with the effective refractive index ( eff n ) of the structure. Due to the small distance between the membranes, the single-membrane guided modes split in symmetric (s) and anti-symmetric (as) vertical super-modes having a higher and a lower effective refractive index, respectively. The membrane movement modulates the evanescent coupling between the two slabs and, consequently, the effective refractive index of the supermodes and the PhC resonances ( Fig. 1(c) ). The mode wavelengths therefore represent a unique fingerprint of the mechanical status of the NOEMS, and can be exploited to derive the properties of the NOEMS during static and dynamic actuation experiments. A layer of self-assembled high-density quantum dots is grown in the middle of the top membrane and is employed as an internal source to excite the photonic modes of the structure. The cavity design is a standard L3 cavity, i.e. three consecutive holes are removed from a hexagonal hole lattice. In the following experiments, a 15-nm alumina (Al 2 O 3 ) layer has been deposited in a standard ALD reactor employing trimethyl aluminum (TMA) as a precursor and O 2 plasma as reactant [17] . Alumina is expected to avoid short-cuts between the doped layers of the device and has been used before as anti-stiction layer in polysilicon MEMS [16] . The flux of O 2 is maintained constant for the entire duration of the process at a pressure p = 7.5 x 10 −3 mbar. The deposition is conducted close to room-temperature (T = 60 °C) and consists of 100 cycles. Each cycle is composed of the following steps: (i) dosing precursor TMA (30 ms); (ii) purging for 3 s; (iii) O 2 plasma for 3 s at a power P = 100 W; (iv) purging for 3 s.We present the effect of the coating on three distinct devices labelled A, B, and C, having nominally identical mechanical properties and lattice constant a = 375, 380 and 385 nm with a hole radius r = 0.298*a.
Due to the high conformity of the ALD, this dielectric layer is deposited uniformly over all the open surfaces of the NOEMS, including the bottom and the top parts of both membranes, as illustrated in Fig. 1(b) . Figure 1 (c) shows the effect of the coating on the effective refractive index of the structure as a function of the inter-membrane distance (d), calculated assuming the refractive index of alumina n d = 1.615, as measured by spectroscopic ellipsometry. A small increase of the effective index, and therefore a red-shift, is expected for both the s-and the as-modes. 
Results and discussion
Room temperature micro-photoluminescence (µPL) experiments have been carried out to study the influence of the anti-stiction coating on the static and dynamic properties of the device. In these experiments, the quantum dot layer is excited with a CW diode laser emitting at 650 nm with a power of 0.9 mW before the objective, above the bandgap of GaAs. The emission of the QDs, which is modulated by the local density of states of the PhC, is then collected through an objective (numerical aperture NA = 0.45) and analyzed by a spectrometer. A Ground-Signal-Ground probe is used to apply either a constant or a timedependent bias to the cavity diode.
As a first set of experiments, we explore the effect of the dielectric coating on the optical properties of the NOEMS. Figure 1 (c) shows the µPL spectrum of a PhC cavity (device A), collected before (red line), and after (blue line) the deposition of the alumina layer. The inplane symmetry of the resonances shown Fig. 1(d) has been identified as the fundamental mode of the L3 cavity (labelled Y1), by a comparison with the eigenmodes obtained from FEM simulations [12] , while the vertical profile is attributed to the symmetric (s) and antisymmetric (as) modes, and further confirmed by the directions of the wavelength shift in electromechanical tuning experiments.
In general, the introduction of the alumina induces a red-shift of the spectrum for both modes as expected by the effect of a dielectric perturbation on the original resonances [18] . Since these two eigenmodes have the same in-plane symmetry -and therefore identical overlap with the alumina coating deposited inside the holes [18] -it is expected that the coating inside the holes produces a red-shift having similar magnitude, while the coating between the membranes should produce a larger shift for the symmetric mode which has a larger field in the gap. However, the opposite is observed, namely the s-mode shows a smaller wavelength shift compared to the as-resonances. This can be explained by the fact that the deposition process induces a tensile stress on the membranes [19] , which increases the intermembrane distance and thus blue-shifts (red-shifts) the s-(as-)mode, thereby decreasing (increasing) the net red-shift produced. The average wavelength shift induced by the deposition of alumina, measured in three different devices having nominally identical mechanical properties, is is due to the pure dielectric perturbation. These two contributions can be considered independent, since the change in the effective refractive index due to dielectric perturbation ( eff n Δ ) is practically independent of the distance for the inter-membrane distances investigated here ( Fig. 1(c) ).
In order to quantify these two wavelength shifts, we simulated the full-3D system using a commercial finite-element method (FEM) (Comsol). We assumed the nominal parameters of the structure, supposing that a layer of alumina of thickness t d = 15 nm is conformally deposited on all the opened surfaces of the devices (above and below both membranes and inside the PhC pores). In this way, dielectric shifts of components inside the light cone [12] . Therefore, the increase in the quality factor observed can be associated to the aforementioned stress-induced mechanical reconfiguration of the devices.
Static actuation
In the following, we investigate the behavior of the NOEMS when a static electric potential is set between the two membranes. The wavelength of the anti-symmetric fundamental mode (Y1as) is used to track the mechanical state of the device B. In general, the maximum tuning range measured before pull-in in the coated devices is reduced compared to the un-coated devices, due to the presence of stress-induced upward bending. In fact, a variation of the inter-membrane distance from d = 200 nm to d = 133 nm leads to a simulated change of the mode wavelength of 23 nm, while an experimental record tuning range of 30 nm has been obtained employing a different cavity design [20] . At pull-in, the PhC spectra change drastically (regime II). Here the modes experience an abrupt wavelength jump. In particular -after pull-in -the fundamental mode is located at , which corresponds to a residual spacing of ~45 nm between the alumina layers. As further discussed below, we attribute the non-zero value Pull in d − to the upward bending of the top membrane, whereby peripheral parts of the structure get into contact first as the membranes are approaching. The difference in inter-membrane distance at pull-in in vacuum may be related to the different pressure dependent damping and thereby electromechanical dynamics, leading to a larger fraction of the structure being in contact. However, further investigation is needed to confirm this conclusion. When the electro-mechanical voltage is decreased, the modes initially show small shifts, then below V CAV <V Pull-out ~-5 V (regime III) they abruptly return to their initial wavelengths ( ) ( )
We ascribe the difference in the pull-in and pull-out voltages (V Pullin > V Pull-out ) to the presence of a residual attractive force at contact. We tested the tuning capabilities of 11 devices having a different bridge area ranging from 8 x 8 µm 2 to 8 x 12 µm 2 . No permanent stiction was observed in any of the devices. The pullin and pull-out voltages present an average 7.4 Pull in V − = V and 4.4
Pull out V − = V, and a rootmean-square variation of 0.7 V and 1.3 V, respectively. To further gain insight in the pull-in behavior (regime II), we employed a focused ion beam (FIB) setup equipped with two electrical needles ( Fig. 3(a) ), in order to visualize the cross-section of the device during the electromechanical actuation. Ion bombardment has been employed to etch a series of rectangular cuts at the center of the bridge through both membranes, as shown in Fig. 3(d) , in order to open a view at the center of the bridge. We experimentally observed that for a small cut area A 1 = 3.4 x1.2 μm 2 the distance between the GaAs membranes varies from ~260 nm to ~40-60 nm, when a device (device C) is operated from 0 V to above pull-in ( Fig. 3(b,c) ). The non-zero inter-membrane distance is in agreement with the value derived from the optical measurements. The same experiment is repeated after increasing the area of the cut to A 2 = 12.0 x 1.2 μm 2 . In this configuration, when the membranes are brought to pull-in, a full contact between the two slabs is achieved, as shown in Fig. 3(d,e ). When the voltage is set back to 0 V, the membranes return back into their original position ( Fig. 3(f) ).
These experiments indicate that the presence of internal stress produced during the coating of the chip bends the central region of the bridge upwards with respect to the peripheral parts of the structure. By opening a large area at the center of the bridge, the internal stress is released and full contact can be achieved in this region. 
Dynamic actuation
In order to investigate the reliability of the tuning for applications that require digital switching between the rest and the pull-in state [19] , the device A has been actuated for more than 1000 cycles from 0 to 10 V, with a square-wave signal having a period T = 1 s. No degradation of the PhC quality factors has been observed as shown in Fig. 4 (bottom) . A small wavelength shift, comparable to the resolution of the spectrometer (0.32 nm), is observed after 1000 cycles when the cavity voltage is set to 0 V. Figure 4 (top) shows the optical microscope images recorded while the device was actuated between the pull-in and release configuration. Here, the color of the bridge (red/green) arises from the thin-film interference in the reflection from the membranes when it is either in the pull-in or in the release state. In order to investigate the optical properties of the device during an even larger number of actuation cycles, we measured the PL spectra of the NOEMS integrated over the modulation experiment (device B). To this end, device B was actuated in vacuum (pressure p = 10 −3 mbar) from 5 
with a square-wave voltage of frequency f = 100 kHz and 50% duty-cycle. In what follows, we present the results for the higher order cavity mode, labelled Y3s, that -differently from the fundamental Y1as (see Fig. 2 ) -does not overlap with any modes in the spectra range after pull-in. Figure 5 (right panel) shows the PL spectrum integrated over 0.5 million modulation cycles at 100 kHz. Here, the set of modes labelled Xas and Y3s can be recognized by comparison with the sum of the spectra (Fig. 5 , left panel, black curve) collected in the static configurations at the two voltage values ( i V , f V ) ( Fig. 5 , left panel, red and blue curves). The range of the wavelength modulation for the mode Y3s is 41.2 nm. The fact that the modes Y3s and Xas in the PL spectra obtained during static actuation can be distinctly identified in this modulation experiment indicates that the initial and the final mechanical positions of the membranes are identical for different modulation cycles. Importantly, no degradation is observed in both the quality factor ( ( 3)~1000 Q Y ) and the PL intensity of the modes. Finally, we investigated the dynamic modulation of the coated NOEMS when it is operated under a strong AC signal with varying frequency, in order to study the pull-in dynamics in the presence of the coating [7, 8, 11] . A DC bias 6 V DC u = − together with an AC sinusoidal component of amplitude 1 V AC u = were used to excite the cavity diode. Figure 6 (a) shows the color-coded experimental μPL data of the mode Y1 as collected while varying the frequency ( f ) of the AC sinusoidal modulation from 0.1 MHz to 2.8 MHz. At low frequencies, the spectrum is characterized by a broad peak centered at ˆ1 334.7 λ = nm, featuring a full width half-maximum (FWHM) of 5.5 nm. The minimum and maximum wavelengths of this peak correspond to the static wavelength positions at ( 7 ) 
